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Differential scanning calorimetryThe present study shows that small admixtures of one chlorophyll a (Chla) molecule per several hundred
lipid molecules have strong destabilizing effect on lipid bilayers. This effect is clearly displayed in the
properties of the Lα–HII transformations and results from a Chla preference for the HII relative to the Lα
phase. Chla disfavors the lamellar liquid crystalline phase Lα and induces its replacement with inverted
hexagonal phase HII, as is consistently demonstrated by DSC and X-ray diffraction measurements on
phosphatidylethanolamine (PE) dispersions. Chla lowers the Lα–HII transition temperature (42 °C) of the
fully hydrated dipalmitoleoyl PE (DPoPE) by ∼8 °C and ∼17 °C at Chla/DPoPE molar ratios of 1:500 and
1:100, respectively. Similar Chla effect was recorded also for dielaidoyl PE dispersions. The lowering of the
transition temperature and the accompanying signiﬁcant loss of transition cooperativity reﬂect the Chla
repartitioning and preference for the HII phase. The reduction of the HII phase lattice constant in the presence
of Chla is an indication that Chla favors HII phase formation by decreasing the radius of spontaneous
monolayer curvature, and not by ﬁlling up the interstitial spaces between the HII phase cylinders. The
observed Chla preference for HII phase and the substantial bilayer destabilization in the vicinity of a bilayer-
to-nonbilayer phase transformation caused by low Chla concentrations can be of interest as a potential
regulatory or membrane-damaging factor.ylethanolamine; DPoPE, 1,2-
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The green pigment chlorophyll a (Chla) is the only chlorophyll
form that is present in all kinds of oxygen-evolving photosynthetic
organisms (plants, algae, cyanobacteria). It is the most abundant
membrane pigment and is unique with its ability to participate in all
primary light events in oxygenic photosynthesis. Chla belongs to the
porphyrin pigments and its molecule includes also a long phytyl side
chain that serves as a membrane anchor and confers additional lipid
solubility (Fig. 1). It is generally accepted that all Chla in the thylakoid
membranes is protein-bound (e.g. [1] but see also [2]). Chla is present
at high local concentrations in the integral protein supercomplexes
photosystem II and photosystem I (e.g., ∼300 mM in photosystem II
[3]), and as a single molecule in cytochrome b6f complex [4] and
chloroplast ATP synthase [5]. However, a number of reports show that
uncoupled Chla is present in the chloroplast thylakoid membranes
and appears to play a role in the photoinactivation of photosystem II
[6–8]. Its amount should be limited by the value of 2–3% of the totalChla found in the free pigment zone after very mild solubilization and
fractionation of higher plant thylakoids [1]. Since the total lipid to Chla
ratios in higher plant and cyanobacteria thylakoids are known to vary
in the range ∼2–5, depending on the growth conditions and species,
e.g. [9,10], the (transiently) free Chla amount can be expected to be in
the range of 1 Chla molecule per ∼100 to several hundred lipid
molecules, i.e. ≤1 mol% relative to total thylakoid lipid content.
Studies of Chla effects on the phase organization of thylakoid lipids
have shown that Chla destabilizes the bilayer lipid phase Lα [11] and
also disorders the nonbilayer, inverse hexagonal phase HII [12].
However, these effects were observed for Chla/lipid mixtures with
Chla concentrations well in excess of 15 mol%, which are actually
representative of the amount of protein-bound Chla. It was also
reported that, in contrast to cholesterol, Chla stabilizes the bilayer
phase of Acholeplasma laidlawii lipids [13] and promotes lamellar
phase formation in surfactants as a result of the phytyl chain insertion
into the bilayers [14]. In summary, these data do not build up into a
coherent picture of the Chla structural effects on the lipid phases. In
particular, they give no indication for the existence of Chla effect on
the bilayer stability in the physiologically relevant limit of very low
Chla contents. As will be argued in the Discussion, we contend that the
lack of evidence on the effect of small amounts of Chla is at least
partially due to the use of inappropriate model systems, in particular,
systems based on thylakoid lipid extracts. Indeed, since the lipid
composition of the thylakoid membrane is dominated by nonlamellar
Fig. 1. Structures of chlorophyll a and the phosphatidylethanolamines DPoPE and DEPE.
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the bilayer thylakoid organization [15–18], which precludes their use
for elucidation of the effect of Chla on the bilayer stability. From this
viewpoint, phosphatidylethanolamine (PE) dispersions, due to their
cooperative, well deﬁned and easily accessible Lα–HII transformations,
represent a more appropriate model system exposing clearly the Chla
phase preference and its effect on the bilayer stability.
In the present work we set out to elucidate the effect of low Chla
concentrations (0.2–1 mol%) on the bilayer stability. In a ﬁrst attempt
to address this issue, we used X-ray diffraction and differential
scanning calorimetry (DSC) to characterize the Chla effect on the
relative stability of the Lα and HII phases. For this purpose we used
fully hydrated phosphatidylethanolamines (PEs), which form liquid
crystalline bilayers at physiological temperatures and exhibit a
cooperative Lα–HII transition thus representing a convenient exper-
imental system for studies on the membrane lamellar–nonlamellar
transformations. We were able to demonstrate that even very small
Chla admixtures such as 1 Chla molecule per 500 lipid molecules
cause well expressed destabilization of the lamellar liquid crystalline
Lα phase.
2. Materials and methods
2.1. Sample preparation
1,2-Dipalmitoleoyl-sn-glycero-3-phosphoethanolamine (DPoPE),
1,2-Dielaidoyl-sn-glycero-3-phosphoethanolamine (DEPE) (Avanti
Polar Lipids) and Chla (Sigma) were used as received (Fig. 1). The
phospholipids were found to migrate as single spots by TLC and
control DSC scans showed cooperative phase transitions in accord
with published data. Lipids were dissolved in chloroform and
chloroform/Chla solutions and the chloroform was removed with a
stream of argon followed by high vacuum desiccation for 8–10 h. Thedried ﬁlms were hydrated with deionized water, purged in advance
with argon for at least 1 h. Samples were homogenized by 5 freeze–
thaw cycles between dry ice and room temperature, accompanied by
vortexing during the thawing steps. All dispersions were prepared in
dim light or in dark, and in argon atmosphere. The lipid concentra-
tions were 0.19 mg/ml for ﬂuorescence measurements, 5 mg/ml for
calorimetry, and 25 wt.% for X-ray diffraction.2.2. Differential scanning calorimetry
Calorimetric measurements were performed using a high-sensi-
tivity differential adiabatic scanning microcalorimeter DASM-4
(Biopribor, Pushchino). Transition enthalpies were determined as
the area under the excess heat capacity curves.2.3. X-ray measurements
Low-angle X-ray diffraction patterns were recorded at Argonne
National Laboratory, Advanced Photon Source, BioCAT beamline 18-
ID. Two-dimensional patterns were recorded using a high-sensitivity
CCD detector with sample-to-detector distance of 1.85 m. Spacings
were determined from axially integrated 2-D images using silver
behenate as a calibrant. No smoothing and background subtraction
procedures were applied to the raw data. The exposure times used for
data collection were in the range of 0.7–1 s per frame. Comparisons
between X-ray patterns recorded from different sample parts were
regularly made and they revealed no systematic differences between
irradiated and non-irradiated sample portions within the total
exposure time limits of 30–40 s. Heating–cooling cycles at 2 °C/min
were performed using a temperature-controlled capillary sample
holder.
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Excitation and emission spectra were recorded with a SPEX
Fluorolog FL-112 (Instruments S.A.) in a front face ﬂuorescence
detection mode, with excitation and emission band passes of 3.8 nm
for the Chla–lipid samples and 1.9 nm for the reference Chla–
methanol solutions. The sample holder was temperature controlled
and the temperature inside the magnetically stirred sample cell was
monitored.
3. Results
The dipalmitoleoyl PE (DPoPE) and dielaidoyl PE (DEPE) disper-
sions used as model systems have well characterized phase behavior
and display cooperative, sharp Lα–HII phase transitions at 42 °C and
64 °C, respectively [19]. These dispersions form lamellar liquid
crystalline phase Lα over broad temperature ranges, from the gel
phasemelting transitions taking place at∼−35 °C and 37 °C for DPoPE
and DEPE, respectively, to the temperatures of the respective Lα–HII
phase transitions. The DSC and X-ray diffraction data collected here
show that the Lα–HII phase transition temperatures for both lipids are
strongly depressed by very small amounts of Chla (Figs. 2–6).
3.1. Differential scanning calorimetry
The DSC thermograms in Fig. 2 show a narrow, highly cooperative
Lα–HII transition for pure DPoPE at 41.7 °C, in excellent accord withFig. 2. DSC thermograms of the Lα–HII phase transitions in DPoPE and DPoPE/Chla
500:1 and 100:1 molar mixtures. Heating scan rate 0.5 °C/min. The transition
enthalpies and the mid-transition temperatures are given in the ﬁgure.
Fig. 3. Consecutive low-angle X-ray diffraction patterns recorded during heating–
cooling cycle through the Lα–HII phase transitions in (A) DPoPE; (B) DPoPE/Chla 500:1;
(C) DPoPE/Chla 100:1 mixtures.published data [19]. Small additions of Chla have profound effect on
the Lα–HII transition manifested in substantial drop of the transition
temperature and loss of cooperativity manifested as strongly
increased transition temperature range combined with little varying
transition enthalpy. Chla admixtures of 1:500 and 1:100 Chla/lipid
molar ratios reduced the Lα–HII transition midpoints from 41.7 °C to
∼34 °C and ∼25 °C, respectively. The sharp, single peak transition of
pure DPoPE is replaced by low cooperativity transitions of complex
shape. Such complex transition shapes are frequently observed in
binary mixtures and are known to result from the admixture
repartitioning between the coexisting low- and high-temperature
phases [20]. It is thus clear that the substantial depression of the Lα–
HII transition temperature reﬂects a strong Chla preference for the HII
phase relative to the Lα phase.
3.2. X-ray diffraction
In order to clarify the structural effect of Chla, series of consecutive
diffraction patterns were recorded during heating and cooling scans
through the Lα–HII transitions of DPoPE and DEPEmixtures with small
Fig. 4. Consecutive low-angle X-ray diffraction patterns recorded during heating–
cooling cycle through the Lα–HII phase transitions in (A) DEPE, and (B) DEPE/Chla
100:1 molar mixture.
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has no effect on the transition type, i.e., the Lα–HII transitions display
as clear-cut two-state phase transitions in both presence and absence
of Chla. However, the X-ray diffraction results also demonstrated that
small additions of Chla bring about strong depression of the transition
temperature and loss of cooperativity, in very good agreement with
the DSC data (Figs. 5A and B). Measurements with DEPE dispersionsFig. 5. Temperature dependencies of the diffraction intensities and lattice spacings of the Lα
between X-ray and DSC results, the diffraction intensities are plotted together with the DSCshowed similar Chla effect also on the Lα–HII transition of DEPE
(Figs. 4 and 6). The Chla effect on the structural parameters of the Lα
and HII phases is shown in Figs. 5 and 6. It can be seen that Chla in
1:100 molar ratio with respect to the lipid reduces the spacing of the
HII phase by ∼0.1 nm for both DPoPE and DEPE (Δa in Fig 6D) and
practically does not affect the repeat period of the Lα phases.
As is known, DPoPE and DEPE dispersions can also form inverted
cubic phases, in particular, diluted dispersions of these lipids can be
readily converted into cubic phase by means of temperature cycling
[21]. The present measurements, which were limited to single
heating–cooling cycles, were not aimed to evaluate the Chla effect
on the cubic phase formation. However, it may still be noted that a
cubic phase trace visible at low angles in the DPoPE diffraction
patterns was not substantially affected by addition of Chla (Fig. 3).
Although a Chla effect on the cubic phase stability cannot be excluded
on this basis, it still appears that its principal structural role is to
promote HII phase formation.
3.3. Fluorescence of 1 mol% Chla in DPoPE dispersions
Fig. 7 compares the excitation and emission spectra of 1 mol% Chla
in DPoPE recorded in the Lα (11 °C) and HII (47 °C) phases with those
of monomeric Chla in methanol (MeOH) at similar temperatures. As
can be seen, the spectra for DPoPE and MeOH are very similar and
display almost identical temperature dependencies (e.g., in the
relative decrease of Qy band intensity). In both media, the observed
temperature changes were reversible on cooling. It is clear from these
spectra that 1 mol% Chla in DPoPE dispersions is in monomeric state,
same as Chla in MeOH, in accord with earlier studies establishing the
monomeric state of low Chla contents in a variety of lipids [22]. Fig. 7
also shows that the Chla spectra in DPoPE are red-shifted by ∼5 nm
relative to those in MeOH. The positions of the Chla absorption
maxima λmax are known to depend (albeit weakly) on the solvent and
may be used to assess the local environment of the Chla chromophore
following linear regression procedures expressing the λmax values in
terms of solvent parameters such as polarity, polarizability, etc. [23–
25]. By using a procedure speciﬁcally designed to model the relation
between λmax of the Qy band of Chla in various solvents and theand HII phases of DPoPE and DPoPE/Chla 100:1 and 500:1 mixtures. For a comparison
excess heat capacity curves.
Fig. 6. Temperature dependencies of the X-ray diffraction intensities and lattice spacings of the Lα and HII phases of DEPE and DEPE/Chla 100:1 mixtures.
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we found that the Qy λmax value of 670 nm for Chla in DPoPE at 11 °C
can only be reproduced within the ranges of 1.45–1.47 for n and ∼2–
27 for the ε values. For MeOH at 12 °C (n=1.3293, ε=33.5), theFig. 7. Excitation (λem=740 nm, black lines) and emission (λexc=337 nm, gray lines)
spectra of 1 mol% Chla in DPoPE recorded at 11 °C (Lα phase) and 47 °C (HII phase) and
the analogous spectra for Chla (0.56 μM) in MeOH. Spectra were recorded after 10 min
equilibration at the indicated temperatures. The λmax of the main Soret, Qy and main
emission bands are given in the ﬁgure. Spectra were normalized to the main Soret band
and vertically displaced.calculated λmax of Qy is 664.6 nm, very close to the measured value of
665.4 nm in Fig. 7. These estimates indicate that the 5 nm red shift of
Qy in DPoPE dispersion relative to MeOH is basically due to higher
refractive index n of the local environment of the Chla chromophore.
Since MeOH and water have the same n, this estimate appears to
exclude exposure of the Chla chromophore to the aqueous phase in
the interfacial region. One may conclude that the Chla molecule is
either entirely localized in the lipid hydrophobic core, or, if it assumes
a molecular orientation similar to that of the lipid molecules with
phytyl chain oriented along the lipid chains and chlorin ring at the
lipid/water interface (see, e.g., [26]), the chlorin ring should be buried
deeply enough into the interfacial layer.
4. Discussion
The present DSC and X-ray diffraction results consistently show
that rather small admixtures of Chla have profound effect on the
stability of lipid bilayers. This effect is clearly displayed in the
properties of the Lα–HII transformations. Chla disfavors the lamellar
liquid crystalline phase Lα and induces its replacement with inverted
hexagonal phase HII. The Chla effect resembles that of hydrophobic
additives like alkanes and diacylglycerols, which also strongly lower
the Lα–HII transition temperatures of the PEs at low concentrations
[27,28]. A similar effect is exerted also by cholesterol and other sterols
[29]. The basic mechanisms of the HII phase stabilization by
admixtures involve reduction of the radius of curvature of the lipid
monolayers, which constitute the HII phase cylinders, and partitioning
of hydrophobic solutes in the interstitial spaces between the lipid
cylinders relieving in this way the packing frustrations of the lipid
alkyl chains, which otherwise would have to extend unfavorably in
order to ﬁll the interstitial “voids” [27,28]. Some grounds to
distinguish between these two possibilities are given by the
diffraction data. It is known for long-chain alkanes ﬁlling up the
interstitial spaces of the HII phase that these solutes noticeably
increase the lattice parameter of the HII phase [28,30], while addition
of Chla has the opposite effect and brings about a reduction of the HII
spacing by ∼0.1 nm (Figs. 5D and 6D). This difference between the
effects of Chla and alkanes may be considered as an indication that
Chla does not stabilize the HII phase by ﬁlling the interstitial “voids”
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curvature. Such conclusion is consistent with the observation that
Chla spontaneously forms inverted cylindrical micelles in oil/water
emulsions with Chlamolecular orientation in these micelles similar to
that of the lipids in the HII phase cylinders [31].
In connectionwith the choice of experimental systems that display
clearly the Chla structural effect, it is important to note that the
objective of the present work to characterize the effect of low Chla
concentrations would be difﬁcult to achieve by using model systems
based on native thylakoid lipids. Four lipid classes (monogalactosyl-
diacylglycerol (MGDG), digalactosyldiacylglycerol, sulfoquinovosyl-
diacylglycerol and phosphatidylglycerol) comprise the bulk lipid
phase compartment of cyanobacterial, algae and plant thylakoids,
and about half of its content is represented by the nonbilayer lipid
MGDG. As in other cases of biomembranes with signiﬁcant content of
nonlamellar lipid, dispersions of total thylakoid lipid extracts do not
reproduce the bilayer thylakoid organization [15–18], which pre-
cludes their use for elucidation of the effect of Chla on the bilayer
stability. Separate use of each of the thylakoid lipids or other single
lipids, which form either Lα or HII phase but do not experience bilayer-
to-nonbilayer transformation, also does not allow characterization of
the inﬂuence of lowChla concentrations on the Lα/HII relative stability.
Finding a mixture of thylakoid lipids that, in the absence of protein
complexes, would mimic the thermotropic phase behavior of the
thylakoid lipid compartment, including the observed formation of HII
structures with temperature increase [16,32], is a difﬁcult task,
additionally complicated by the species and environmentally imposed
diversity of lipid chain lengths and unsaturation levels. Therefore, the
best choice is the use of PE dispersions, which due to their cooperative,
well deﬁned Lα–HII transformations make possible to expose clearly
the Chla phase preference and its effect on the bilayer stability.
The PEs, some representatives of which were used in the present
study as a model system, are in general biocompatible with the light
reactions of photosynthesis. This is evident from the fact that they
represent the dominating lipid class in certain photosynthetic bacteria
[33]. Although they are not present in the thylakoid membranes for
reasons presumably related to higher priority phosphate require-
ments for other essential processes [34], the PEs are compatible with
regulatory processes in these membranes. The PEs can functionally
replace MGDG for activation of the violaxanthin deepoxidase during
the xanthophyll cycle [35] demonstrating that the hexagonal phase
propensity, and not the chemical structure of the particular lipid, are
important for the enzyme activity.
The roles of Chla during its presence at low local membrane
concentration in mature thylakoids are unclear, except for a role
ascribed to free Chlamolecules in regulation of tetrapyrrole synthesis
[36] and a potentially damaging photosensitizer role of the Chla
triplet-excited state for singlet oxygen formation. In the present work
we demonstrated the signiﬁcant potential of single Chlamolecules to
stimulate bilayer-to-nonbilayer rearrangements, which are thought
by many to be functionally important in the biomembranes. This
property of Chla can be of interest as a potential regulatory or
membrane-damaging factor. Recent studies have shown that struc-
tural rearrangements in the thylakoid membranes in response to
varying environmental conditions involve membrane ﬁssion and
fusion events [37,38], proceeding with formation of nonlamellar
motifs similar to the structural intermediates along an Lα–HII
transformation [39]. Various processes in mature thylakoids, e.g., the
deepoxidase activation, require lipid inverted hexagonal structures.
The signiﬁcance of the lipid phase properties, such as formation of HII
phase structures [35] and curvature stress [40], have been underlined
for processes accompanied by loss of Chla from its protein binding sites
[41–43]. It is conceivable in this connection that the presence of small
amount of uncoupled Chla in chloroplast thylakoid membranes [6–8]
may inﬂuence these processes as a result of its effect on the bulk lipid
phase structure. Moreover, recent studies have shown that intactthylakoidmembranes do contain nonbilayer lipid phases, and that the
lipid packing shows substantial degree of heterogeneity [44,45].
5. Conclusions
Small admixtures of one Chla molecule per several hundred lipid
molecules were found to have strong destabilizing effect on lipid
bilayers. This effect is clearly displayed in the properties of the Lα–HII
transformations. Chla disfavors the lamellar liquid crystalline phase Lα
and induces its replacement with the inverted hexagonal phase HII.
The lowering of the transition temperature and the signiﬁcant loss of
transition cooperativity reﬂect the Chla repartitioning and strong
preference for the HII phase.
A comparison with published data for alkanes, which have similar
effect on the Lα–HII transformation, suggests that Chla destabilizes the
Lα phase and favors HII phase formation by decreasing the radius of
spontaneousmonolayer curvature, and not by ﬁlling up the interstitial
spaces between the HII phase cylinders.
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